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ABSTRACT

—~~~~So that more precise correlations between full scale observations
and analytica l and model results could be carried out, one of the objec-
tives of the instrumentat i on program for the S1—7 class container shi ps
was the provision of instrumental measures of the wave env i ronment.
To th i s end, two wave meter systems were installed on the S.S. SEA— LAND
McLEAN. Raw data was collected from both systems during the second
(1973—1974) and third (1974—1975) winter data collecting seasons.~~

c-it was the purpose of the present work to reduce this raw data,
to develop and i mp 1~ment such corrections as were found necessary and
feasi ble, and to correlate and eval uate the fin al resul ts from the two
wave meters. In carry i ng out this work it was necessary to at least
partl y reduce several other channels of recorded data, so that, as a
by-product, reduced results were also obtained for midsh i p bend ing
stresses, roll , pitch, and two components of acceleration on the ship ’s
br i dge.~~

-As the work progressed it became evident that the vo l ume of docu-
mentati on requ i red would gr~~ beyond the usual dimensions of a sing le
technica l report. For th i s reason the analyses, the methods, the
detailed results , disc uss i ons, and conclusions are contained in a series
of ten related reports. -\

Th i s report, conta ins the last phases of the work, specifical ly,
the discussion of results, the correlation and evaluations of fina l
resul ts from both wave meters, the conclus ions, and the recommendations .
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NTRODUCT I ON

In the analysis of the wave— induced shi p hull st ra in  data obtained
by SSC In the 1960 ’s It was necessary to infer the wave env ironment from
estimated Beaufort wind speeds. An extraord inary amount of work was
required to develop the inferential techni ques . These techn i ques appear
to suf f ice for va l id  prediction of long—term trends because a great dea l
of averag ing Is carried out . Unfortunately when ver i f ica t ion of short—
term stat is t ica l predictions is desired, the use of wind as a wave
env i ronmen t index appears to be less than sat is factory.

As a consequence it was one of the obj ectives of the SL-7 fu l l -
scale instrumentation program to provide a direct instrumental measure
of the wave env ironment so that more precise correlations could be made
between fu l l—sca le  observations , and anal yt ica l and model results .

To this end the shi p was fitted with a micro—wave radar relative
wave meter and var ious motion sens ing dev ices . A “Tucker Meter ’ s p r e s s u r e
actuated wave height sens ing system was also instal led.

The purpose of the present project is to reduce and analyze the
resu lting wave meter data obtained on the SEA-LAND McLEA N in the second
(1973—197k) and third (l97k— 1975) winter recording seasons .

The purpose of the present report is to document the last phase of
the program ; that is , to present discussion , summary material , and the
conclusions from the work. Thus this report i nvolves material wh i ch would
ord i nar ily be expected to comprise the last two or three sections of a
s i ng le phys i cal report on the project. That this is not the case is due
to the large volume of results i nvolved . Functionall y, References 1
through 9 may be considered to be the introduction , anal ys i s, and result
sections lead ing up to the present material .

BACKGROUND

I t was the objective of the present project to analyze and reduce
data obtained by others, and for pract i cal reasons it has been necessary
to assume on the part of the eader a general familiarit y with the Ship
Structure Committee ’s SL—7 measurement program. The primary backg round
references for the present project are References 10 through 13. Refer-
ence 10 is the basic documentation of the full—s cale instrumentation
system. Ref erences 11 and 12 conta i n, for both recording seasons in
question, a quite fu ll account of instrumentation, basic record ing, and
the nominal circumstances surround i ng the present data . These references
also contain results of analyses of longitud i nal vert i ca l midshi p bend ing
stre:s wh i ch were carr i ed ou t accord in g to the methods of Reference 13. 



Onl y the description of the OWH S radar system is lacking from
References 1 1 and 12. The source for this information is Reference 1k,
wh i ch contains in addition results of a special correlation .tudy
between shi pborne radar wave measurements and those obtained from air-
borne instruments. As noted in Reference 7, it was not possible to
correlate results of the present stud y with those of Reference 1k.

Broadly, the work accomplished in the present project may be con-
sidered in four phases, the last one of which is the subject of the
present report:

1. Init i aiization and Data Acquisition

2. Analysis and Development of Data Reduct i on Procedures

3. Production of Results

k. Comparison of Results , Criti que and Conclusions

Phase 1 i nvolved find i ng the required data, working out ways of
reducing it to dig i tal form, calibrating each channel , collating the
di gitized data with log book and other data from References 11 and 12,
and selecting a fina l data set for further ana l ysis. The documentation
for this phase is contained in References 1 and 7.

Phase 2 i nvolved basic analys es and the development of data reduc-
tion procedures . All but a minor amount of the documentation of this phase
is contained in Reference 2. (Consideration of some corrections to the
Tucker meter results was deferred to the pres ent report .)

The documentation of Phase 3, the production of results is con-
tai ned in References 3 throug h 6, 8, and 9. These references contain the
results from the basic data reduction procedures described in Reference 2.

D I S C U S S I O N  OF RESULTS OF THE
B A S I C  DATA REDUCT I ON PROCESS

Qualitative Observations

References 3 throug h 6, 8 and 9 together contain reduced results
from a total of 271 record i ng intervals (198 from the second season, and
73 from the third) . On the basis of a visua l inspection of the nearl y
600 pages of tables and charts there are very few generalizations wh i ch
can be made without at least some trep idation . It is obvious from the
results that a large number of parameters of importance have influenced
the results , and that the various estimates of encountered wave heig ht
(visual , radar , Tucker and mean dynamic head) disagree si gnificantly.
The magnitude and reasons for disagreement are questions which w i l l  be
taken up later .

Beyond the above, there were a number of general impressions formed
by the investi gator in view ng the results and these may be listed as
fo l  l c~.,s:
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1 . There are a si gnificant number of intervals for wh i ch the results
from the radar and/or the derived mean dynamic head cannot be
bel ieved at al l , and an even greater number where the double inte-
gration of accelerations is suspect. Reasons vary, and the subject
w ill be taken up in detai l  in succeed ing sections .

2. On the whole, Eastern and Western l egs of each voyage are si gnifi-
cantly d ifferent . Most of the visual estimates of wave direction
i nvolve following or quartering seas in the Eastern voyage legs,
and head or bow seas in the Western legs. The disposi t ion of
spectral dens i ty in the stress and wave spectra is usuall y in rough
accordance w i th  the visua l wave direct ion estimate. When it is not,
the wave height and stresses tend to be small.

3. Since at least half of the data set involves followin g or quarter i ng
seas, there is a rather high incidence of very long encounter periods
(up to 3 minutes in at l east one case), and many cases in which both
the midshi p longitud i na l bend i ng stress and the radar wave contain
a very broad range of component frequencies . As a consequence,
there are many cases in wh i ch the standard relationshi ps between
process rms and statistica l averages of peak—trough excursions
cannot be expected to hold .

1+. It would be expected that spectra of waves would more or les s
resemble the stress spectrum, perhaps being a bit broader band ed.
Similarl y, time histories of the various wave estimates and those
of the correspond i ng stresses should look alike . These expectations
normally appear to be quite well satisfied by the radar wave esti-
mates, less well by the Tucker meter estimates , and l eas t wel l  by
the mean dynamic head estimates . The high frequency content of the
latter two tends to be less than might be expected on the basis of
the stress records . The Tucker and dynamic head spectra are very
often narrower band than the stress spectrum —- a resu t wh i ch mi ght
be expected since no correct i ons for wave pressure attenuation or
shi p-wave interference have b.~en applied.

Radar Malfunctions/Reliability

Returning to the first of the impressions just listed , the first
of a number of classes of potential errors i nvolves the behavior of the
slant range signal from the radar . As noted in References 1 and 7, it
appears that the si gnal from the radar unit is not the range in the
ord i nary sense of the meaning of radar range. It is the difference in
range from some nom i nal initial range condition . The unit has automatic
features which insure initial si gna l acquis ition -— and re— acquisition
in case of temporary return si gnal loss . The effect is that 

~ x si gnal
loss while both radar and wave surface are in motion is apt to change
the reference to some extent.

As noted in References 1 and 7, gross changes in reference level
were not i ced on many of the compressed time scale records. In the
in tla l selection of the intervals under discussion an attempt was made

3
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to el iminate intervals with obv i ous problems of this type. There was of
course no guarantee that the procedure removed all problem interva ls , and
accord i ng l y, one of the first object i ves of an inspection of results in
References 3 through 6, 8 and 9 was to examine the radar wave time his-
tories for evidence of radar ma l funct i on. The time histories shown in
the references do not contain the ent i re interval , but the portion of
interva l was so selected that the max i mum peak to trough radar wave heig ht
was in cluded . It was cons idered hig hly probable that radar ma l function
wou ld produce the larges t apparent peak—troug h excursions , and thus that
the worst of any potential prob l ems would be visible. The radar wav e
elevation time history does not consist solely of the slant range, Refer-
ence 2, but all the other contributions are smooth so that sudden changes
or abnorma l l y hig h ra tes of change are hig hl y likel y to be due to the
behavior of the siant range itself .

In the event, a total of 2k intervals out of the set of 271 were
observed to exhibit gross malfunct i on, or were considered hi ghly syspect.
The particular intervals are identified in Table I . There were three
types of malfunctions observed . These were labeled A throug h C, and the
problem app licable to each interval is identified by one or two of these
letters in the column of Table I headed “Comments”.

Problems of type “A” i nvolved sudden shifts in the mean level of
radar wave elevation which were not ref l ected in any way by the stress
or roll time histories . This type of problem is precisely the same as
that initially observed, Refere nce I .

Problems of type “B” i nvolved sudden, large, typ i call y flat topped
excurs i ons wh i ch were not symmetrical (crest but no trough or vice versa)
and not reflected in unusual behavior of stress or roll time history.

Problems of type “C” were confined to Voyage 60 ~4est, and were
usually combined with a type “A” problem. The type “C” problem involved
relatively large symmetric excursions interspersed in a generally much
l ower level oscillatory signal , a behavior not obv i ous in the stres s
record . Upon close examination , this behavior was visible in the com-
pressed time scale records and i nvolved nearly all intervals in Voyage 60W,
though it did not seem to be pres ent in either Voyages 60E or 61E .

There appeared to be little po i nt in includ i ng the intervals shown
in Table I in any subsequent comparisons.

In the second season data tapes the incidence of an obvious l y mal-
function i ng radar unit tended to be concentrated in intervals i nvo lvinq
relatively severe waves . Up to 60% of the data on a tape covering a
severe weather period was found to be unusable . In the third season data
tapes the incidence of malfunct i on seemed appreciabl y hi gher than that in
the second seaso n -- desp ite the fact that almost all wave conditions in
the third season were milder than those of the second season . With the
inclusion of the third season Intervals noted in Table I , the incidence
of unus ab le  int ervals  was much hi gher (approaching 85%) during period s of
time i nvolving waves of med i um severity by second seaso n standards

.k



TABLE I

INT ERVALS I N  WH I CH GROSS
RADAR MALFUNCT IONS WERE OBSERVED

OR ARE SUSPECTED

Report/Ref. Page Voyage Run Tape Index m nte !val Comment

3 62 32W 313 11+3 4 13 A

3 82 32W 413 145 20 13 A

3 88 32W 429 145 24 29 B

3 90 32W 1+37 11+5 26 37 A

3 92 32W 1+41 11+5 27 41 B

3 94 32W 450 145 29 50 A,B

4 60 33W 815 153 1~ 15 B

4 74 33W 841 153 1 1 1+1 B

4 80 33W 853 153 14 53 B

4 82 33W 861 153 16 61 B

6 74 35W 1710 171 17 10 B

8 48 60w 2329 217 8 29 A

8 50 60w 2333 2i7 9 33 A,C

8 52 60w 2337 217 10 37 C

8 54 60w 2341 217 11 ‘+1 A,C

8 56 60w 2348 217 12 ‘+8 C
8 60 60w 2401 219 16 1 A,C

8 62 60w 2409 219 18 9 C
8 64 60W 2413 219 19 13 A,C
8 66 60w 2420 219 20 20 A

8 74 60w 2433 219 24 33 A,C
8 76 60w 2437 219 25 37 A,C
8 78 60w 24)42 219 26 ‘+2
8 80 60w 2448 219 27 48 1

5
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It appears that the radar unit was less reliable during the third
season than the second . The apparent r e l i ab i l i t y  of the unit during the
second season was not nearly as good as mi ght be des ired, and in fact
was nowhere near the rel i ability of the various transducers , or for that
matter of the Tucker wave meter system.

Double Integrat ion Prob lems

It has been noted that in the review of the results in References 3
through 6, 8 and 9, there were a number of intervals where the double
integration could not be believed at a l l , and a large number where the
integration may be considered suspect . The difference between the two
cases is one of degree. In cases that the double integration could not
be believed the results i nvolved extraord i nary large low frequency compo-
nents in the mean dynamic head and the radar wave output , and much if not
all of the spectral dens i ty below the low frequency cutoff described in
Reference 2. In the cases where the integration is merely suspect, sub-
stantial spectral dens i ty is below the cutoff but the results otherwise
appear reasonable in relation to the nom i nal conditions noted in the log
book and in relat i on to the shape of the stress spectrum .

Table II identifies the 21 particular intervals wh i ch were con-
sidered completel y i nvalid because of double integration related prob l ems.
There were three types of prob l ems which were obvious. These are l abeled
A, B and C, and the type of problem app licable to each interval is noted
in the column headed “comment”.

It was noted in Reference 2 that there were potential problems
associated with double integration of the present acceleration data .
All i nvolved the treatment of low frequency components because of the
discont i nuous nature of the data. Ess€ nt ia ll y, when there are onl y a
few periods of a component in the entire sample, the double integrat i on
of even ideally resolved data cannot be very accurate. To try to avoid
the situat ion where ultra low frequency noise could be blown up by double
integrat ion , the double integrat i on filter was adapted to each samp le by
establishing a cutoff frequency above which the double integrat i on is
proper, and below which the very low frequenc i es are de—emphas i zed .
The posit ion of the cutoff was determ ined by the frequency at which 2Ye
of vertical acceleration variance is attributable to lower frequencies .
It was found in Reference 2 that the method used tended to fa l l  down
badly for very long period components , say over 150 sec , and that the
overall accuracy of the method was related to the resolution of the accel-
eration signal . The rms d i s p lacement error in percent was found to be
approximate l y equa l to the acceleration resolution in percent of rms
accel erat ion .

In the case of the type “A” problem noted for two intervals in
Table II there was evidentl y some very low frequency noise buried in very
low level acceleration . In both cases the rms acceleration was of the
order of 0.02 or 0.03 g. The accelerat i on resolution in these cases was
0.01 g so that even if low frequency noise had not been present the rms
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TABLE I I

INTERVALS IN WHICH VERY LARGE
DOUBL E INT EGRAT I ON ERRORS APP EAR

Report/Ref. Page Voyage Run Tape Index Interval Coninent

5 92 34W 1345 163 24 ‘+5 A
6 1+8 35E 1545 167 25 1+5 A
8 8 6OE 2126 211 7 26 B

8 20 60E 2213 213 19 13 B
8 72 60W 21430 219 23 30 C

9 8 61E 2518 223 5 18 C

9 1 0 6lE 2524 223 6 24 C

9 12 6lE 2528 223 7 28 C

9 14 6 lE 2530 223 8 30 C

9 16 61E 2536 223 9 36 C

9 18 6lE 2539 223 10 39 C

9 20 61E 2541 223 11 1+1 C
9 22 61E 2547 223 12 1+7 C

9 21+ 6lE 2551 223 13 51 C

9 26 6lE 2553 223 14 53 C

9 28 61E 2557 223 15 57 C

9 30 6lE 2601 225 16 1 C

9 50 61w 2713 229 1~ 13 C

9 52 6 1w 2725 229 7 25 C

9 58 61W 2761 229 16 61 C

9 86 61w 2925 233 37 25 C
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displacement error would have been 30 to 50%. These are the onl y inter-
va ls In the 198 reduced from the second season in wh i ch this effect was
obv i ous.

The type “B” problem noted for two intervals in Table II is not so
much a case of the double integration method failing as it is of the
underlying data being bad . It appears that in both cases some sort of
e lect r ica l trans ient (power surge ?) ran al l  channels into semi—saturat ion.
The effect was to put an apparent isolated 1 .7 g pulse i nto an otherwise
low level accelera ti on, thus producing large spectral components near zero
frequency, and from this a ridiculous result.

The last type of problem (C) noted in Table  I I  i s pe c u l i a r  to th i rd
season data. The incidence of this type of gross error is rather hi gh
( 1 7 out of 73 intervals) and is attributed to the less wel l resolved
acceleration data . In the second season the acceleration resolution was
0.03 g (Ref.7) rather than 0.01 g (ReF.l). It thus mus t be expected that
the double integrations of third season accelerations will contain at
least three times the rms error of those of the second season since total
rms acceleration levels are not different for the same apparent l evel of
wave severity. In a few of the intervals noted in Table II there was a
suggestion of apparent component accelerations having up to 10 minute
period s. This , in conjunction with poor resolution and an otherwise low
l evel acceleration si gnal resulted in some ludicrous results . The results
shown in References 8 and 9 for the 17 intervals marked with “C” in
Table II are actuall y the result of re-running the data reduction procedure
with the prov i so that the low frequency cutoff could be no lower than
0.2 rad/sec . This action converted 17 sets of ludicrous results into
results wh i ch are in some cases bel i evable , but for the most part, are
still not very . Because of the arbitrariness of the selection of the low
frequency cutoff , all 17 intervals are considered to contain very la rge
errors regard l ess of how reasonable they may appear to be.

As in the case of the radar related problems, it was considered
point less to include the in te rva ls  noted in Table II n any subsequent
comparisons Or analyses .

Other Potential Sources of Erro r

In reviewing the results some other potential sources of error
were considered. From the point of v iew of the radar wave the mos t
serious of the error sources is the nature. of the angle measurements .
As pointed out in Reference 2 these measurements can be considered valid
for the frequency range under considerat i on onl y if there Is neglig ib le
t~~ie surge or sway accelerat ion of the shi p. In the present case the
alternative to making the neg li gible sway and surge assumptions was to
do nothing . The detailed analysis of the first piece of data (Ref.2)
suggested that the zero surge assumption was invalid for extreme cond i-
tions . Though no direct evidence of the invalidity of the zero sway
assumption can be adduced from the data, the writer considers this assump-
tion extremely questionable on phys i cal ground s when roil ang l e i s large —-
and/cr when the shi p Is in quartering seas.
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There se~ ns nothing quantitat i ve which can be done about this
probl um . However it was at least poss ib le  to look at the spectra and
time histories produced , with the view of correlating oddities in the
various wave elevation measurements with rollin g . This was done with
the results in References 3 throug h 6, 8 and 9 —— with an essentiall y
null result.  The onl y obvious qua l i ta t i ve  correlation of rol l and save
measuremen t was in the case of the 17 intervals from the third season
alread y discarded as having gross double integration error . In these
cases the mean dynamic head l ooks like the roll but not much like the
stress.  What has ev identl y happened is that the small gravitationa l com-
ponent of a re la t ive l y large roll wh i ch contributes to the body vertica l
acceleration has not completely been removed by the correct i on procedure
(Ref.2), and the residual has then in turn been blown up by a partially
improper double integration . The effect is consistent with (but not pos i-
tively attributable to) roll measurements wh i ch are distorted by sway
accelerations .

In concluding the present discussion of the results presented in
References 3 throug h 6, 8 and 9, it should be emphasized that the anal ysis
has been subjective . Accord ing to the writer ’s point of view there are a
total of ‘+5 intervals out of the 271 which are grossl y wrong. It is
admitted that in the ana l ysis the benefit of doubt was g iven to the data.
Accord i ngly, another ana l yst mi ght well recommend more discards . As
mig ht have been expected in a data set in wh i ch the quarterin g/following
sea condition is i nvolved half the time , there is at least a marg inal
doubt about the double integrations in many of the remaining 226 intervals .
An attempt to dea l with these doubts in a more quantitative way will be
made in succeeding sect i ons.

COMPARISON S OF SIGNIFICANT PEAK—TROUGH
WAV € H E I G H T  EST I MATES W I T H  THOS E D E R I V E D  FROM THE SPECTRA

In the results of the basic data reduction process there are, for
each interva l , a total of six estimates of significant wave hei ght wh ich
were derived from the measured data —— two estimates each for OWNS radar,
Tucker meter and mean dynamic head . The f irs t of the estimates shown for
each of the three approaches to the encountered wave is the “si gnificant
peak to trough wave hei ght .” This estimate is the average of the 1/3
h i ghes t double amplitudes observed in 16—1/2 minutes of t ime history.
Each double amplitude was determ i ned by the zero crossing convention
(peaks are always posi t ive, troughs are always negative , Ref. 2). The
second type of estimate is based on the spectrum and is four times the
square root of spectrum area, or “4 ms.’ It is assumed in making this
estimate that the process is sufficient l y narrow banded that the Raylei gh
distribution holds for the maxima of the process .

Comparisons of these two types of estimates for the same thin g are
of interes t in two ways ; first to ind i cate the relative importance of non—
nar row banded ness, and second to aid in de ciding which of the two types of
estimates should be used in subsequent comparisons.

9
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The mode of comparison chosen was to plot one estimate against the
other ~o the same (linear) scales . Figure I ind i cates the resulting com-
parison between rms and peak—troug h estimates from the radar for all 226
of the intervals remaining after the discards noted in the last section
had been made . Because the automatic p lotting system used rounds co-
ord i nates to the nearest 0.01 inches there are probabl y not 226 distinct
points shown. However, the dashed stra i ght line is a l east square fit to
a ll the data points .

It appears from Figure 1 that the average peak-trough estimate is
about 20% lower than the 4 rms estimate . It is expected on theoret i cal
grounds that all the peak—trough estimates should be equal or lower, and
a l l  but two are. The magn itude of the differences shown implies that the
majority of the radar wave spectra are quite broad banded.

Figure 2 ind i cates the same sort of comparison of radar data, but
for a sub—set of all available intervals . It was observed from the basic
resul ts that when there was a h ig h proportion of radar wave spectra l area
below the low frequency integrator cutoff, the nominal head i ng was usuall y
quartering to following seas, the spectra tended to look relatively broad
banded, and the stress spectrum also contained relativel y si gnificant
low frequency spectra l density. It is expected that radar wave spectral
densi t ies be low low frequency integrator cutoff will be in error to some
extent . If the proportion of spectra l area below the cutoff is 20% of
total , the maximum error in the 4 rms estimate is just over 10%. A 10%
error is about the magnitude which has to be accepted on statistical
grounds for perfectly measured data (Ref .2). Accord ing ly, in producing
Fi gure 2 consideration was given only to those intervals for which the
spectrum area above the low frequency integrator cutoff is greater than
80% of total. The effect was to eli ninate all but about 10 of the nomi-
nal quartering/follow i ng sea conditions , and of course the vast majority
of intervals where there exist significant question of double integrator
error. The po ints remaining below the dashed line in Fi gure 2 are nearl y
all from the residua l quartering/following conditions . If these were
also eliminated the points remainin g would all have 90% or more spectral
area above low frequency cutoff . Under this additiona l condition the
dashed trend line would shift upward and impl y si gni ficant peak—trough
estimates only a few precent l ower than the 1+ rms estimates -- and thus
that the bandwidth of the encountered redar wave spectra for essentially
head and bow seas is not different than expected .

Turning to the uncorrected Tucker meter data, Figure 3 ind icates
the comparison between si gnificant and 1+ rms estimates for all intervals.
The d i fferences are sur p r i s in g l y large on the average. Evidentl y the
visual judgment prev i ously noted was distorted by the p lotting convention
in References 3 through 6, 8, and 9 where the generall y much l ower Tucker
spectral densi ties are p l otted to the same scale as the radar and d ynamic
head spectra . Inspect i on of the numerical data disclosed that half of
the points correspond i ng to 4 rms Tucker estimates above 10 feet i nvo l ved
nominal quartering /followin g wave directions , and that these points pro-
duced the larges t differences between 1+ rms and significant peak-trough
estimates . Additional l y, in the case of 4 rms estimates below 1+ feet
there was a very hi gh incidence of what appeared to be too many waves .

10
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The Tucker channel is resolved to 0.2 feet. For 4 rms estimates under
4 feet, tape and other noise is expected to be between 20 and 80% of
total rms. The peak—troug h algorithm in the standard data reduction pro-
cedure is not smart enough to cope with this situation , and evidently
counted a good many noise excursions as waves . An unrealisticall y hi gh
estimate of the number of waves means that too many of the hi ghest waves
are averaged and this will tend to drive the “si gnificant ” down .

It appears that the uncorrected Tucker si gna l is qualitatively
similar to the radar wave with respect to bandwidth , and that some dis-
tortion has been introduced in the si gnificant peak-trough estimates .

To comp l ete the comparisons, Figures 4 and 5 ind i cate the compari-
son between 4 rms and si gnificant peak—t~rough estimates for the mean
dynamic head at frame 119. All intervals are plotted n Figure 4. In
F i gure  5 the intervals p lotted were restricted to those for wh i ch the
dynamic head spectrum area above the low frequency cutoff is greater than
80% of total . As before, the restrictive case (Fi gure 5) i nvo l ves mostly
head/bow seas and cases of little susp icion of double integration error .

Both f i gures indicate relatively narrow band output as expected
from visua l inspect i on of the results . Though the Tucker meter signal is
imbedded in the mean dynamic head estimates , it has relatively little
influence upon the result in the hi gher range of wave hei ght because the
correction for the Tucker double integration is so large.

Considering all three sources of wave estimates the present com-
par isons confirm the hi g h incidence of mathematica lly broad processes .
This automatica ll y means an interpretative problem wi th both the “4 rms”
and “si gnificant peak—troug h” estimates for a large portion of the data .
Neither estimate consistentl y has the conventiona l meaning . Of the two,
the peak—troug h estimates are thoug ht to be subj ect to the most distor-
tion . The ~+ rms estimates are a measure of total variance , and were
thus preferred for use in comparisons of one wave measuring dev i ce with
another.

TUCKER METER CORRECTIONS

The “mean dynamic head” results g iven in References 3 throug h 6,
8, and 9 are essentially a corrected form of the Tucker meter data. The
correction is however onl y for the analog d~ uble integration in the
meter . No approach to correction for wavc distortion is known for the
“mean head .” The estimat i on of mean dynamic head was carried along in
the data redurtion in hopes of ind i cating the overall importance of
error in the double integrators installed in the Tucker meter, and no
further correction was contemp lated .

However in pract ice , sonic ,nrt of correction for wave attenua-
tion is alway~ app lied to Tucker meter data so that all results labeled
“Tucker rr~ct er” in References 3 throug h 6, 8 and 9 i nvolve “raw” data in
this sense. It was decid erl i ’~ the init ial ma l ysi s , Reference 2, not to
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inc l ude any conventiona l correction procedure in the basic data reduction
process because it was not known what method to use and because there was
doubt that existing calibration procedures were valid for the present
app lication . In the final stages of the prog ram this was still the case,
the onl y material available with which to make a conventional correction
to the “raw” Tucker meter data be i ng Figure 7 of Reference 1 1 . It was
determined to apply this material to the present data .

The cited fi gure in Reference 11 is a series of plot s of “wavemeter
correction coefficient ” vs . encounter frequency, for various values of
mean submergence of pressure taps. The deepest submergence given is
15 feet, which seems near enough for the present case, so that this curve
was used. For the 15 foot submergence the correction coefficient is
def i ned between encounter frequencies of 0.25 and 1 .65 radians/second .
The corrected Tucker wave amplitude for a g iven frequency is the product
of the correction coefficient and the raw Tucker amp litude . The correc-
tion coefficient is 1 .15 at 0.25 radians/sec , decreases to unity at about
0.45 radians/sec and rises rap idl y to 3.0 at 1 .65 radians/sec .

For the present application it appeared that the significant range
of raw Tucker meter spectral density extended beyond an encounter fre-
quency of 1.6 in onl y a very few cases, and below 0.25 radians/sec in not
too many more. Accord i ng l y, the curve g iven in Fi gure 7 of Reference 11
was read off at a conven i ent delta frequency between 0.25 and 1.58 radians/
sec, and this dig i ta l version was used in making the corrections .

There are two comon methods of app l ying the correction . For
present purpos es thes e may be called the “characteristic period” and the
“spectrum” approaches .

In the characteristic period approach the characteristic encounter
per i od of the sam p le is taken to be the total samp le length divided by
the number of double amp litudes in the samp le . This characteristic period
is converted to encounter frequency and the corresponding wavemeter cor-
rect i on coefficient is read from the calibration curve. The final estimate
is then the product of this coefficien t and a measure of the raw Tucker
meter amp litudes . This procedure is the one used in Reference 11 . In
Reference Il the maximum raw peak-trough he i ght for the Tucker was
apparent ly read from os ci l log raph records for Voyage 32W, and the number
of wave double amp l i tudes was assum ed equal to the number of stress double
amplitudes .

In the present app lication of the characteristic period method
the number cif raw Tucker double ampli tudes in 16-1/2 minutes was avail-
abl e (Refs. 3 throug h 6, 8 and 9) and the correction coefficient was
established in the manner just described from this data . The correction
coefficient was derived for each of the 226 intervals under present con-
sideration and it was app lied to the si gnificant peak-troug h raw Tucker
meter estimates . The resulting corrected and raw si gnificant peak-troug h
estimates are compared in Figure 6. In the fi gure the raw si gnificant
height is the absc issa , the corrected height is the ord i nate .

- 
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There is one obvious peculiarity of Figure 6. This is the compact
“line ” of points in the 1 to 4 foot raw wave hei ght range . The slope of
the “line ” is 2.7 which is the coeffic i ent appropriate to an encounter
frequency of 1 .58. What has happened is that in the computer imp lementa-
tion the correction coefficient was taken as 2.7 if the apparent charac-
teristic frequency was in excess of 1.58 —— it not being considered
sensible to be very serious about apparent characteristic frequencies
outside the frequency range of significant raw Tucker spectral density.
The result is a confirmation of remarks made in the last section that
there were very often too many “waves” detected i n  the present Tucker
data reduction process, and that the si gnificant peak— t roug h hei ghts are
thus often too low.

If the l ower range of raw wave hei ght is disregarded the ma qni tude
of the correct ion is  seen to be relativel y moderate -- in the rarge of
15 to 2 5/ .

In the “spectrum ” method of correction the wavemeter correction
coefficient curve is assumed to be the inverse of the amp litude res ponse
of the Tucker meter. To correct the raw Tucker spectrum it is mu l ti p l e d
by the square of the correction coefficient curve . The resulting spec-
trum may be integrated and a corrected “4 rms” estimat e formed from this
result.

In imp l ementing this method with the present data it was necessary
to face the problem of what to do with raw spectral densities at fre-
quenc i es where the correction curve is not defined . In those reg i ons of
frequency the raw Tucker spectrum was usually relativel y low, in many
cases probabl y consisting mostly of noise . Accord i ng to the form of the
corrections given in Fi gure 7 of Reference 11 , an extrapo lation of the
correct i on curve above 1 .6 radians/sec and below 0.25 radians /sec would
i nvolve considerable uncertainty , as well as (for any reasonable extrap-
ulat ions) the multi p lication of at l east the hi gh frequency spectral
densities by factors between 10 and 1 000. Increasing the influence of
round i ng and other noise by orders of magnitude is usuall y a distinctl y
bad idea . Thus the best course of action appeared Ic he to do nothing
with spectra l densities outside the defined range of the correction
coefficient; that is , outside the range of def i n ition the coefficien t was
taken as unity.

The “skectrum ” method of correction as outlined was app lied t~ all
226 intervals under discussion , the resulting spectra were integrated .
and corrected 4 rms estimates were formed . A comparison of the corrected
and raw estimates is given in Fi gure 7. The corrected 4 rms est~r,ates
are very consistently about 15% greater than the raw rrns ~~t ’rna~. es.
scatter about the mean is very small , and there is no sug~~st ion of t~-e
type of problems evidenced in the characteristic period correct ion
approach , i igure 6. It thus appeared best to use onl y the corre cted

rms Tucker estimates in subsequent c xnpar ison s .
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COMPARISON OF RESULTS

OWHS Radar vs . Corrected Tucker Meter

Figure 8 indicates the comparison between the 4 rms estimates from
the OWHS radar and the corrected 4 rms Tucker meter estimates . Points
for all 226 intervals are shown . The scatter about the least squares
line is enormous, and the line itself does not reflect the trend of the
majority of points . All except 3 radar estimates are greater than the
corrected Tucker meter estimates , most by very large percentage margins .

Because the correct ion curve for the Tucker ~eter does not extend
to extremel y low frequen ies . err ’rs for lol lowing/ quartering seas would
bn expected . Thus it seemed fair in attempting a refinement of the cor-
relat i on to exclude all intervals in which the radar spectrum area below
the low frequency integrator cutoff is greater than 20% of total . As
previousl y ment ionec , this restriction has the effect of remov i ng a~mos t
all intervals i nvolving followin g/ quartering seas , as well as most of
thos e in wh i ch there is susp icion of error in the radar estimate . The
result is shown in Fi gure 9.

Fi gure 9 clearly indic ates that the average estimate from the radar
is 3 to 4 times that from the corrected Tucker meter data . Roughl y the
same conclusion would result from an inspection of Fiqure 8, were there
any reason for an arbitra ry disre gard of about 10% of the intervals .
It appears by comparing Figures 8 and 9 that the radar and Tucker meter
estimates agree onl y when there is reason to be susp icious about the
adequacy of the radar est r~ate; that is , when t is somewhat doubtful
that the low frequency content of the encountered wave has been correctl y
est imated .

In view of the larqe d if f e~~nces be twee n the OWHS radar and the
Tucker meter estimates , it was of int irest to see if there is some system-
atic trend in the d fferences het~~ en the spcctra . A simp le approach is
to form the square root of the rat io of radar and TecLer meter spectra .
(The square root is jus t  an a r t if i c e  to reduce the almos t certain scatter
in the ratio of spectra derived from rea l data.) Some discretion has to
be exercised in the operation because the tails of each spectrum are
almost certainly strong l y influenced by extraneous noise . In order to
avoid the worst of the latter probl em the following procedure was carried
Out:

1. Ten percent power bands ie,e e3t~ L l~ shed for the OWHS radar ,
the iuc t~€ r ’ meter , and thc nq i~~ td i na ] stress spectra . In
- j - : L  case th~ 1 0/- pc r bend def ines  a range o -nco,’nter

~~ I~~~~~~ t I C f l -’ /  where r —p ec t ra l  ~1 e n si t ie ~ are q r ’ ~~tc- r th- r 10/
of p - ) k. Th i s  f r e -~ue rcy  J~~ie S (_~~ ‘ I l  i ’~~rI to efl(~~~ 1pa5S

the I )  y ~el 1 rc~-o lveJ p i r t  of the spec t

2. A fi -~uenc -~ band cont iined ~n a l l  three 10/ power bands is
e5 1 I i s I ed fr, e thns - 

~e ult s , exclud i ng zero frequency

~ i I han ds inc lLde Ze ro .
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3. The ratio of radar to corrected Tucker meter spectra is
formed onl y within the band established in step 2.

In words , no spec t~a) ratio is formed or used in comparisons
unless the radar , corre~tH Tucker , and stres s spectral densities are
in excess of 10% of their espect ive spectral peaks . The inclusion of
the stress spectrum in the procedur e was for the purpose of el iminating
estimates from wave spectra tLi ch were of wildl y different shape than
the stres s spe~~ r iri i i. the low frequency reg ion . Both types of wave
spect~-a ~ere expected to be in error at very low frequencies -- there
seemed little po irt in fir~ ing a ratio unless there was reason to
suspect that there m~~rh t actu -i ll y have been very low frequency wave
componerts .

Fi gure 10 shcw~ the square root of the ratio between radar and
corrected Tucker spectra l densities for all 226 intervals . (The radar
spectrum is the numerator.) In p lotting each interval straight lines
were used to connect the discr eLe estimates which could be formed within
the established freq ’e~~y hand for that interval.

At the Ljht of the fi gure a few results are shown for frequen—
cie ~ in excess o l .t tad/sec . As the sudden jump of a factor 3 at a
frequency of 1. ind icates , t h e data above this frequency in volves
uncorrected Tucker meter data . Had the Tucker correction curves been
extrapo1ate~ in Sten~ of truncated the results above 1 .6 rad/sec would
follow the tre n d of those at somewha t l ower frequencies .

The ty p ical Ic ’- freeucec y inte grat ion cutoff varied between 0.2
and 0.5 rn:I ,’sr- so r F ~~ t there is l i t t l e  reason to suspect the radar
result in the re~~ency I mr~e : et n ’e r  0.5 and 1 .6 rad/sec . In this
region there appear -; tc’ i c  i sys t~~ nt Ic relationshi p between the OWHS
racIer and the corrected Tucker meter spectra.

At very hew freqw ncies the rat io scatters by an order of magni-
tude , a result U’ be expected s i i ’ e neither wave measuring dev i ce can
be expected to be pc i c - i in this frequency region . The most surprising
feature of the f iqu r ~’ is the rrumb ~ r of intervals for which any ratios
at all were fe - e l  it t 1 e l owest admiss ible frequency (0.05 rad/sec).
The n~. Ius ion ‘~~~~ tv st Ies - 5 1e  t i  in the procedure was supposed to
prevent i~np hi is from being put on the low frequency reg ion . That the
strategy ‘lid not work imp !i es l it  there re a lly is a great dea l of low
irequency stress content ri the data set , and , it may reasonabl y be
assumed , low “ricnu ,t er fr ’quency wave content .

In order to eli ini n te the cnrilu s i~ inj ected by questionable radar
estimates and qu a r t c ’  ing/f 1low~ng seas, the same restrictions were
app lied to the cpec- t r d l rat je ira as were -i p i ’ lied to the 4 rms estimates
in iak inq the t r ni ~ i t ion from Figure 8 to Fi gure 9. (Spectral ratio data

t~.as not p I~ -~~L ’ d  ri ~ Iess the r idnr spectrum area above low frequency inte—
qrat~~r ~zu t - iI f ~i i~ ‘ i i  - ‘a t e r  thnn R(T~ of t ’ —’ta l •) The resu l tc  are shown in
F ig u re  11 .
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In the range of encounter frequency between 0.5 and 1 .6 Fi gure 11
ind i cates the same trend as Fi gure 10 . Below an encounter frequency of
0.5 there appears to be, on the average, an upward trend in the ratio as
frequency decreases .

The results in Fi gure 1 1 confirm those in Fi gure 9. Just about
any way the scatter and t rend of results in Figure 11 is interpreted ,
regard l ess of frequency, there is an average factor of 3 or 4 difference
between the square root of radar and corrected Tucker spectra l densities ,
and thus between the square root of the res pect ive spectral areas . At
an encounter frequency of 1 .0 rad/sec the average ratio appears to be
as hig h as 6.

If a mean line were fitted through the data shown in Fi gure Il
it could be visualized as an additional wave meter correction coefficient .
It is not clear at present why this fictive correction would vary with
frequency as ind i cated in Figure 11 . It is also not clea r wh i ch wave
measuring device it would app ly to. If the radar is correct the cor-
rect i on would be an additional factor to the correction alread y app lied
to the Tucker meter . Alternatel y, if the Tucker meter is correct the
radar spectruri has to be divided by the square of thi s fictive correction .
In any event the differences between 4 rms estimates shown in Fi gures 8
and 9 appear to be systematic and are considered to be much too large to
rational ize on the basis of random samp ling errors , or upon the basis of
many of the error sources prev i ousl y dc~cr ibed .

Mean Dynamic Head vs. Corrected Tucker Meter

It was noted in Reference 2 that one source of Sy s t e m a t ic  error in
the Tucker meter is the low frequency behavior of the double intenrators
ins ta l led in the syste m . The wave es t imate  ca l led  ‘ mean d ynamic head at
frame 119” is the resul t  of an attempt to correct for this behavior with
the data at hand . As previous l y noted the estimate is qu ite sensitive
to the adequacy of the double integrat i on in the data reduction process.
Accordingly, in comparing this estimate with the corrected Tucker meter
estimates it was considered reasonable to consider only those intervals
in which the d ynamic head spectrum area above low frequency integrator
cutoff was greater than 80% of total . The result of such a comparison
is shown in Fi gure 12.

For corrected Tucker meter estimates above 10 feet the correc-
tion for the analog double integration inflates the 4 rms estimates by
a factor between 2 and 4, for Tucker wave hei ghts below 10 feet the mean
dynamic head estimates appear to be tendiriq toward the Tucker estimate .
The result appears reasonable since very low waves probabl y tend to h-c
short relat i ve to the shi p, thus the encounter frequency would be expected
to be high and the shi p motions small , so that errors introduced in the
analog integrat i on should also be small .

The magnitude of the differences shown in Fi gure 12 for hioh
waves are very similar to those shown in Fi gure 9 for the radar/Tucker
comparisons. Althoug h the adequacy of the mean dynamic head estimates
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as estimators of actual wave elevation is arguable , the results in
Figure 12 certa in ly imp ly that qui te si gnificant errors in Tucker meter
output may be attributed to the characteristics of the ana l og double
integration .

Comparisons with Visual Estimates

The source of wave hei ght estimates not thus far addressed in the
present report is the visual observations reported in the log book.
Severa l problems exist in dealing with and interpreting the visual obser-
vations . The most obvious is which of the two reported estimates (wave
or swell) better describes the predominant wave system . In the data
there is a hig h incidence of visua l wave and swell estimates of the same
magnitude wh i ch were noted as approach i ng the shi p from the same direc-
tion . Other obv i ous p rob l ems relate to the credibility of the large
percentage of visual estimates wh i ch were like l y to have been recorded
in darkness .

For present purposes it was assumed that the larger of the two
visua l estimates most closely resembles the 4 mi s estimates be i ng used
in  the comparisons . The main reason for this decision was that rela-
tivel y few of the computed encounter spectra have the widely separated
double peaks which would be expected for distinctly different swell and
wave approaching from the same direction .

Fi gure 13 ind i cates the comparison with the visual estimates as
just defined , of 4 rms estimates from the radar . A l l intervals are
shown . As in a prev i ous direct comparison with the Tucker meter , there
i s  an enormous scatter . In th is case however, the least square trend
line seems a reasonable rendit ion of the majority of data . On the
average the radar est imates appear 10 feet hi gher than the visual .

Figure 14 ind icates the comparison between radar and v isua l  esti-
mates for the sub ~-et of interva ls used prev i ously; that is , the intervals
remaining after elimination of nearl y all quartering/following sea con—
ditio n s , and nearl y all intervals where susp icion of error exists for
the radar estimate . This elimination process also tends to el iminate
many more cases hav i ng small visual wave estimates than cases hav i ng
large ones.

Fi gure 15 is an additional comparison between radar and visual
estimates . In this case the intervals p lotted have been restricted to
those for wh i ch shi p speed was less than 20 knots .

It is evident from a comparison of Figures 13 throug h 15 that the
el iminat i on process has not made the problem clearer . Relative to the
scatter wh i ch appears constant, there is little change in the trend lin e .
Inspection of the numerica l data failed to disclose any other promising
comb i nation of el imination parameters. In any event there are nearly
no radar estimates wh i ch are less than the visual e,tima tes so that the
chances of a convincing one—to—one correlation are practicall y nil on the
present basis .
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The corrected 1+ rms estimates from the Tucker meter were compared
with the visua l estimates for the same three data subsets as had been
used for the radar data . Fi gure 16 ind i cates the comparison for all
intervals . Fi gure 17 is the comparison after eliminating nearly all
quartering /follow i ng sea cases and intervals in which the radar estimate
could be questioned . Fi gure 18 i nvolves all intervals where shi p speed
was less than 20 knots .

A comparison of Fi gures 16 through 18, ind i cates that the el imi-
nation of quarter ng/fo llowing seas does make a change in the correlation .
For waves visually estimated as being between 5 and 12 feet a quite large
scatter of results is evident in Fi gure 16. This scatter is much reduced
in Fi gures 17 and 18. Inspection of the numerical data disclosed that
the majority of po i nts above the diagonal (one—to—one) line in Fi gure 16
were from intervals involving both hi gh speed and quarterin g seas. When
intervals i nvolving either or both parameters are el iminated the average
corrected Tucker estimate mi ght be said to average about half the visual
estimate , at least for visual estimates in excess of about 5 feet.

For the same reasons as described in conjunction with the compari-
son of mean dynamic head estimates and Tucker meter estimates , Fi gure 12,
a comparison of 4 rms mean d ynamic head estimates with visual observations,
was made only for intervals in wh i ch the dynamic head spectrum area above
low frequency integrator cutoff was greater than 80% of totel . Th is
choice also tends to eliminate quartering/following sea cases, intervals
in which the double integ rat ion is questionable , and many more cases of
low visua l wave estimates than high ones. The result is shown in
Fi gure 19.

As may be noted in the fi gure, this is the onl y case thus far
exhibited in which any of the wave hei ght estimates correlates well on
the average with any other .

There are three exceed i ngly wild points in the figure , all ind i-
cating a 4 rms dynamic head in excess of 50 feet. Those three points
and the two directly below at a 20 foot visual wave estimate all come
from Voyage 35E (Ref .6, pp 38—46), all were recorded in the same 16 hour
period of time in roughl y beam seas, all i nvolve si gnificant out—to—out
rol ls between 19 and 33 degrees , and in this sequence of intervals the
4 m s  dynamic head increases with roll. These intervals may be candidates
for disqualification on the basis of improper compensat i on for rol l , a
subj ect covered ear l ier  in the report. The attribute wh i ch kept these
intervals in the data set was that the stress and wave time histories
looked sufficientl y alike .

However , whether the wild po i nts are eliminated or not makes
little difference to the question of why ha l f  a correct i on to the Tucker
meter (the mean dynamic head) looks any good at all relative to visual
estimates . For the more severe of the conditions analyzed the mean
dynamic head is not much different than the vert i cal disp l acement of the
shi p in way of the eng ine spaces .
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APPAR ENT STRESS RESPONSE OPERATOR S

It is apparent from the preced i ng section that the two primary
wave measurement systems of the present project correlate poorly with
each other and with visual observation. It was thus of interes t to
correlate the resu l ts  of each system against  a d i f fe rent  standard . One
approach, (which had the advantage of convenience in the present case)
is to der ive apparent stres s res ponse operators and compare thes e res ul ts
against independent data.

What is meant by apparent stres s response is simp ly the square
root of the rat io of stress to wave spectrum . I f  the waves are long
crested and are approaching the shi p from forward of the beam, the
apparent stress response operator is conceptuall y the same as the amp li-
tude response (stress amp litude/unit wave amp litude) which would be
derived from theory or model test. In the case of the present data , the
above conditions can be expected to almost never hold. In fact even if
they had occurred , the data in hand is not su f f i c i en t  to determ ine “when .”
The comp l ica t ions  introduced by short crestedness and by the fu l l  range
of sh i p—wave head i ngs are discussed in Reference 2. In short crested
seas it would be generall y expected that the apparent response at a
particular encounter frequency will  be l ower than in the long crested
case due to the averag i ng of response over head i ng . Were it not for the
fact that the wave spectral estimates from radar and Tucker meter are
very far apart , an attempt at correlating apparent stress response opera-
tors with independent data would not be expected to shed much li ght on
the adequacy of the wave measurements .

It was elected to use the model test data presented in Reference 15
as the “independent data” of the present exercise . The model tests des-
cribed in that reference i nvolved a small model of the SL— 7 clas3 shi p
which was run at two di sp lac~ -nents , various speeds , and several headings
to regular waves . The data chosen for the present work was that obtained
at the “heavy” disp lacement , this condition correspond i ng to the majority
of voyage legs in the present data set . The data of in terest  to the
present work was the midshi p long itud i nal bend i ng moment amp l i tude response
per unit wave amp l i tude .

A l l  the moment amp l i tude response data from Reference 15 was con-
verted to a forr compatible with present data by ~jse of the midshi p deck
section modulus g iven in Reference 12 (1.745 x 10 i n ~). The result is
a computed regular wave midshi p deck stres s response hav i ng units of
(kpsi/foot). The data in Reference 15 were g iven as functions of wave-
l ength to shi p length ratio wh i ch, for a g iven shi p speed and heading,
determines an encounter frequency. The converted regular wave model test
data are shown p lotted on encounter frequency in Fi gure 20 for two shi p
speeds, 25 and 30 knots .

Figure 20 i nvolves data for six headings —— head throug h fol low ing
seas w i th  the omiss ion  of beam seas . The ang le convention indicated in
the f i gure is the practical convention utilized in the log book descri p-
tions of the present full scale data rather than the towing tank/
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theoret ic conv€ nt ion emp loyed in Reference 15. From previous experimental
work i t  would be expected that beam sea stres s response would f i l l  in the
“ho l e” around O.’-+ rad/sec, peaking at about half  the peak head or follow-
i n g  sea response somewhere with n the frequency range 0.35 to 0.7 radians /
sec . It may b~ noted that much of the fo l lowing/quarter ing sea data is
multi p le valued as a consequence of the frequency transformation .

In forming the apparent s t ress res ponse operator from the spectra
est imated in the present work , much the sam e Epproach was followed as
was used in producing Figures 10 and 11. No •a t i o  of s t ress spectral
density to wave spectral density was formed or considered in the analysis
unless both the stres s and wave spectral densities were in excess of 10%
of their respective peaks .

Fi gure 21 ind i cates for all intervals the apparent stress response
operator derived by tak ing the square root of the rat io of s t ress to
O~JHS radar wave spectra. For each interval the rat i os are a set of dis-
crete points spaced at roughl y 0.05 radians/sec on the frequency axis .
In plotting, strai ght lines were drawn between these po i nts . In the
fi gure an approximate upper envelope to the model test data is ind i cated
so as to make comparisons with Fi gure 20 more convenient. Considering
the variet y of operating conditions and the probable statistical vari-
ability of the spectra , the degree of collapse of all the data is
considered very good.

Noting that the model tes t data is g i ven onl y for 25 arid 30 knot
speeds, and , as before, that errors are expected for low frequency in
many of the radar est imates , the apparent s t ress response operators - - -Ore
p lotted for a r es t r i c t ed  set of in terva ls .  The restrictions app l ie ~rethat the shi p speed be in excess of 20 knots , and that radar spectrum
area above low frequency integrator cutoff be greater than 80% of total .
The results are show n in F gure 22. As ii the restrict ive comparisons
previously shown , the effect of •h~ second of these restrictions is to
remove much of the follow i ng/quartering sea data and a relat i vel y great
number of nominally mild wave conditions . In contr~1st , the first restric-
tion effect i vely removes 3 1 1 of the mos t severe sea conditions . However ,
a comparison of Fi gure~ 21 and 22 discloses no great contrasts in the
average trends of the apparent stres s response operators .

With a rehtivel y minor exception the same procedure was app lied
so as to estimate and p lot apparent stress response operators derived
from the stress and correc ted Tucker meter spectra. The results are
shown in Fi gures 23 and 24. Fi gure 23 corresponds to Fi gure 21 in that
results for all in te rvcls are ~1otted . F i iu ~e 2L~ is the result of -~pp l y—
ing re str ictio n~ similar tu those emp ln~ ed for F i gure 22. The difference
is that in terva ls  were re jec cd on the bas is  of reldti -:e low frequency
stress confent , rather then the low freque~~y r~id~~r wave content . The
corisitution of the resu ltinq samp le i~ mu ch the ~u - ~ c’s that u ti lized
for Figure 22. As wi th the r~ith r results in Fi gu~e~ 21 and ~2, there
is visible in Fi gure 24 no great change of averagc trend relative to the
results in Fi gure 23. Col 1a~se of -ipparent response data based on the
corrected Tucker ri oter is at least as good as that shown f’ r- the radar
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based resul ts fo r freq uenc i es I n excess of 0.5 rad/sec, bu t is  less good
below this frequency.

Qualitatively, the trend in the average apparent stress response
operator is the same whether the basis is the OWNS radar or the cor-
rec ted Tucker meter. At hi gh frequenc i es there is a hump roughl y corres-
pond i ng to that of the head and bow sea regular wave data, Fi gure 20.
There appears a “hole” between 0.4 and 0.6 rad/sec as would be predicted
by the regu la r wave da ta, and another hump at lower freq uencies whi ch
corresponds to the following/quartering regular wave data.

As must be expected frc~n prev i ous comparisons between radar and
Tucker results , there is a very large quantitative difference in the
responses derived from the two sets of wave spectrum estimates, and
there was no reasonable way of plotting both sets of results to the same
scale . The upper envelope to the model test data is si gnificantly lower
than most of the Tucker based results and significantly hi gher than the
radar based results.

In further discussion of these results it should be firs t remarked
that there is no guarantee that the model test results are correct. The
magnitude of the model moment results has been confirmed experimentall y
by comparison with other experimental results for models of comparable
proportions and speed . The model results have also been confirmed by
independent theory -— to within ± 20% for the most part . In converting
the model moment results to deck stress response, simp l e beam theory has
been assumed . The model test results as a “standard” are thus not
unimpeachable. On the other hand, quite a number of independent efforts
have to contain large systematic errors if the model results s hown are
incorrect by more than ± 30% or so .

Considering the radar based results , Figures 21 and 22, the
apparent response lies below the upper envelope of the model test results
by 50% . Cons i der ing the probable eff ects of shor t cres tedn ess on the
apparent response and possible errors in the model tests, the radar wave
spectra l estimates could be anything between correct and about a factor
of fo u r too h i gh (apparent response between correct and factor of two
too low).

With respect to the Tucker based results , Fi gures 23 and 24, the
same considerations ind i cate either that the corrected Tucker wave
spectra are between a factor of 4 and 10 too low (apparent response
between factors of two and three too hi gh), or: that the model test
results (and current theory) are low by a factor of about three.

On the whole, th i s evidenc e sugges ts tha t the OWN S radar wave
spectra are closer to the mark.
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CONCLUSIONS

The wave instrumentation included in the SL—7 program include d a
new system (the OWl-I S radar) and an old system (the Tucker meter). The
basic minimum object i ve of the present project was to produce estimates
of encountered wave variance or rms from the data produced by each system,
and most of the work necessary in the present project was in support of
this object i ve. Beyond this , the final objectives of the present pro-
gram i nvolved comparisons of results from the two wave measuring systems
and the resolution of differences where possible. This latter objective
has been addres sed in the present report, and is the primary subj ect of
the conclus i ons to follow .

I . The evidence strong l y suggests that neither of the wave measuring
systems can be regarded as a standard by which the performance of
the other may be judged .

2. In the present app lication to a large, hi gh speed shi p, it appears
that quite si gnificant erro~s in the Tucker meter output may be
attributed to the characteristics of the analog double integration
of acceleration . Improvements to this part of the system seem feas—
ible w i th in  present techno l ogy. If the radar estimates happen to
be closer to reality than the Tucker estimates , the existing cor—
rections to the Tucker meter output for the attenuation of dynamic
pressure with depth and for interference with the waves by the shi p
are considerabl y in error. If t h i s  is true there appears no
alternative to full scale calibration trials for the calibration
of the system.

F 3. There appea r to be a number of deficiencies in the installed Owl-IS
radar system . Some of these produce errors of a magnitude wh i ch
is impossible to assess because some si gnificant pieces of i nfor—
mation are missing . One of these deficiences had the effect of
reduc i ng the apparent reliability of the radar system to quite low
levels during the periods of most interest (severe wave conditions) .
However it appears that all of the prob l ems perceived in the system
may be significantly reduced by less than heroic measures .

4. The source of error con -non to both systems has to do with the
prob l ems of double integration of l ow—frequency accelerat i on data .
In the present app lication the speed of the sF i p and the prevail-
ing weather together tend to produce encountered wave components
of extremely low frequency as much as half the time . These com-
ponents are los t in the Tucker analog integration and not always
successfull y hand l ed by the data reduction system employed for the
radar data.

5. There is a wide , systematic difference between the rms encountered
waves (and the wave spectra) as measured by the radar and by the
Tucker systems.
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6. Estimates of si gnificant wave hei ght from neither system correlate
particularly well with visual estimates . Relative to visual esti-
mates the radar results are too hi gh and the Tucker meter estimates
are too low .

7. An ind i rect comparison of the wave spectra estimated by the two
systems was made by deriving apparent midshi p stress response
operators , and comparing these results with model test data for
the SL— 7 class shi p. These comparisons sugges t that the radar
wave estimates are too hi gh and the Tucker estimates too low.
Quantitativel y however, if the Tucker meter wave estimates are
correct , both the model test data as wel l as contemporary theory
for wave induced bend ing moments have to be in error by a factor
of about three . If i t ca n be agreed that contemporary theory
and model test techni ques are better than th is , the evidence
suggests that the radar system, desp ite its known deficiencies ,
is closer to reality .

RECOMMENDATIONS

The present recommendations i nvo l ve onl y the question of what mi ght
be done to improve resu l ts  obtained w i t h  the system s which have been dis-
cussed -— under the assumption that installation of these systems is
contemplated in the same, or another , large hi gh speed shi p. Imp licit  in
this assumption is that the overa l l  theoretica l l im i ta t i on  of e i ther sys tem
is accepted . This overal l  l im i ta t ion is that under the mos t idea l cond i-
t ions only the encountered sca lar  spectr tzn of wave e levat ion can be
produced .

Although the evidence is by no means conclusive , the present
investi gator ’s op inion is that the Tucker meter is not a good choice for
installation in a shi p of the s ize  and speed of the SL-7 c lass . However
should such an i ns ta l l a t i on  be required , it would he recomended that
the double in tegrat ion and computing c i r c u i t s  of th i s  system be re—worked.
The frequency where serious phas e and amp l i tude d i s t o r t i on  occurs in the
double integration should be much lower than i t was in the present full
scale program. It may bo that the mos t pract i ca l approach would be to
record both pressure and acceleration , and carry out an after—the—fact
data reduct i on procedure similar to that employed for the radar . With

— or without a re-working of the electronics , there appears no rea l
alternative to the full scale calibration approach to the shi p—w3ve
interference effects upon the pres sure head . Such trials would be
recommend ed for any installation in large , hig h speed ships .

As noted in the conclusions , the radar system installed in the
present program appears to have had a number of deficiencies . Desp ite
these, the opinion of the i nvestigator is that the radar based system
should be preferred for installation in large hi gh speed shi ps. A check
of results against a believable standard would still be requ i red .
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In the sense used here the “radar system” includes more than just
the radar unit itself . The various motion transducers and the data reduc-
tion procedure must be considered as part of the system as well . The
perceived deficienc ~es appear to be largely curable . They may be considered
under t hree main head ings as f ol l ows:

I. The Radar Unit

Questions about the internal behavior and physics of the radar unit
(how it could be bettered as a radar; if when a valid return is sensed is
the indicated range correct; the nature of the phys i ca l circumstances
under which return signa l is lost , etc.) are all i tems which are beyond
both the scope of the present project and the competence of the investi-
ga tor . All the perceived deficiencies with the unit appear consistent
with the output log ic emp l oyed to deal with occas i ona l return si gnal loss.
Because it is necessary to know the l ength of the slant range vector when
comput i ng its vertical component, the output log ic of the unit should be
changed so that this i nformation is not los t during a voyage -- irrespec-
tive of any return si gna l losses . This change would require a different
approach to the return signa l loss problem . The approach recommended is
to hold the last va l id  range in the output reg ister unti l  the next va l id
range is acquired . It is suspected f rom the data in hand that the lapse
of time between si gnal loss and re — a c lu i s i tion is ord i naril y re lat ive ly
short. The effect on the data of the above recon-inendat ion would be to
produce “notches” or flats in the time h istory.  Smal l  notches would
introduce mostl y hig h frequency noise which is far preferable in data
reduction to the ultra low frequency noLe injected by the logic of the
present unit. Large “notches” or flats of lonq persistence would be rela-
t ivel y eas y to see v i s u a l l y ,  or to detect by computer .

2. Ang l es

To a fair degree of approximation the ang le t,ansducers of the
pendulum type used in the present program are equivalent to bod y f i xed
lateral accelerometers . They are sensitive to both rotation and accel-
eration . The basic recommendation is this area is to measure ang l es
properl y -— either imp lic i t l y or exp lic i t l y. In the context of the radar
system this mi ght be accomp lished in two ways . One option k to mount a
vertica l accelerometer on the antenna and gyrosta hilize both . In this
case the accelerometer output would be correct with respec t to true verti-
cal and the slant range would be related to its vert i ca l component by a
constant factor. The second option would be to mount a gyrostabi lized
vertical accelerometer in the radar pedestal . In th is  case the accel-
erometer output would also be correct with respect to true vertical , and
it would appear feasible within current state of electronic and micro —
processor technology to make a cont i nuous three dimensional vector
correction to the slant range us i ng the ind i cated ang les from the gyro.
It is felt that over and beyond the technical improvement , the resources
expended in improv i ng and automating the ang le corre cti ons cou ld w e l l  be
repaid in reduced costs of data handling and processing due to the f~~er
channels wh i ch would then be i nvolved.
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3. Accelerat i ons and Double Integrat ion

In the final analysis , the phaseless double integrat i on scheme
emp l oyed in the present data reduction was not sufficient l y sophisticated .
It was unable to handle ultra low frequencies as wel l as could be desired.
However the basic problem was that the extraord i narily good accelerat ion
resolution required in some situations was not present in the data.
Accord i ng to the results , it appears that if the same scheme was to be
used over again , the acceleration signal out of the record i ng medium
should have a resolution approaching ± 0.002 g. With analog magnetic
tape as the record i ng medium this resolution mi ght be approached in those
cases where it is most needed (mild follow i ng or quartering seas) by the
use of automatic gain control and the elimination of the one “g” si gna l
bias inc luded in the present vert ica l accelerat ion data . It s hould a lso
be noted that the accelerometers used in the present application were
probab ly not capable of this small a resolution .

While better acceleration resolution would go a long way toward
improv i ng the estimation of the vertica l displacement of the radar unit ,
it should be emphas ized that any scheme i nvolving dis—c ont i nuous data
samp les has a low frequency limit below which a proper job cannot be done.
Perhaps there is a pract ical cont inuous double integration sch~~e which
does not produce phase shifts . However, the present i nvesti gator ’s
recommendation would be to defer an extraord i nary amount of effort on
this problem and to accept possible errors in quartering and following
seas until such time as any second generation radar system can be fully
accepted in the head and bow sea situation .
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